The opportunistic pathogen Bacillus cereus is the genetically stable member of a group of closely related bacteria including the insect pathogen Bacillus thuringiensis and the mammalian pathogen Bacillus anthracis. Physical maps of B. cereus and B. thuringiensis strains show considerable variations in discrete parts of the chromosome, suggesting that certain genome regions are more prone to rearrangements. B. cereus belongs to the same subgroup of Bacillus species as Bacillus subtilis, b y both phenotypic and rRNA sequence classification. The analysis of 80 kb of genome sequence sampled from different regions of the B. cereus ATCC 10987 chromosome is reported. Analysis of the sequence and comparison of the localization of the putative genes with that of B. subtilis orthologues show the following: (1) gene organization is not conserved between B. cereus and B. subtilis; (2) several putative genes are more closely related to genes from other bacteria and archaea than to B. subtilis, or may be absent in B. subtilis 168; (3) B. cereus contains a 155 bp repetitive sequence that is not present in B. subtilis. By hybridization, this repeat is present in all B. cereus and B. thuringiensis strains so far investigated.
INTRODUCTION
Several studies in comparative genomics using whole genomes have been performed. These have focused mainly on distantly related bacteria Tatusov et al., 1996; Kolst~r, 1997; Smith et al., 1997) . In addition, the close relatives Mycoplasma genitalium and Mycoplasrna pneumoniae have been analysed (Himmelreich et al., 1997) . By sequence comparison, the Mycoplasma genomes could be subdivided into six DNA segments which were ordered differently in the two species, suggested to have originated by translocation via homologous recombination. The order of the genes within each segment was conserved, and the increased size of the M . pneumoniae chromosome appeared to be due mainly to gene duplications (Himmelreich et al., 1997) .
Bacillus cereus is a Gram-positive, rod-shaped, endospore-forming bacterium commonly found in soil, air The EMBL accession numbers for the sequences reported in this paper are specified in Table 1. -~~ 0002-2947 0 1999 SGM and water, and is a frequent cause of food-related diseases (Drobniewski, 1993) . It is also an opportunistic pathogen involved in local and systemic infections. The pathogenicity of B. cereus is caused by its synthesis of several virulence factors, including a putative collagenase, phospholipases, haemolysins, diarrhoeagenic enterotoxins and emetic toxin (Drobniewski, 1993) .
Bacillus thuringiensis is distinguished from B. cereus by its production of insecticidal crystal toxins (reviewed by Aronson, 1993) . Both species belong to the B. cereus group, which also includes the closely related Bacillus anthracis and Bacillus mycoides. Accumulated data have suggested that B. cereus should be considered the parent species of the group, and that the other species should be regarded as subspecies (Smith et al., 1952; Gordon et al., 1973) . All members of the B. cereus group have been allocated to the B. subtilis group of bacilli, by both phenotypic and rRNA classification (Priest, 1993) . More than 19 species were assigned to the group, for which B. subtilis was chosen as an appropriate representative.
Previously we have constructed physical maps of eight IP: 54.70.40.11
On: Wed, 09 Jan 2019 10:57:10 0. A. OKSTAD a n d OTHERS B. cereus and four B. thuringiensis strains using pulsedfield gel electrophoresis (PFGE) and primarily anonymous fragments of HindIII-digested chromosomal DNA as hybridization probes (Kolstra et al., 1990; Carlson et al., 1992 Carlson et al., , 1996a Carlson & Kolstra, 1993 , 1994 Lovgren et al., 1998; K. Kvalray & A.-B. Kolsts, unpublished results) . The size of the chromosome was found to display a 2-6-fold size variation, and it was suggested that B. cereus and B. thuringiensis chromosomes contain one region in which the gene order is more conserved whereas other regions exhibit a more variable gene organization. Sequencing of the anonymous probes used for physical mapping has now enabled us to analyse and map 64 chromosomal genes from B. cereus ATCC 10987, and to compare the gene organization to its relative, Bacillus subtilis 168, for which the complete genome sequence is known (Kunst et al., 1997) . Contradictory to the two complete Mycoplasma genomes, the organization of orthologues in B. cereus and B. subtilis was not conserved, and no common arrangement pattern could be seen.
METHODS
Bacterial strain. B. cereus ATCC 10987 was obtained from the American Type Culture Collection, Manassas, VA, USA. The strain is a xylose-positive variant previously used in our laboratory due to its high level of phospholipase C production.
DNA sequencing and analysis. Plasmid DNA from previously prepared randomly selected clones of HindIII-digested genomic DNA from B. cereus ATCC 10987 (Kolsta et af., 1990) was isolated using standard methods (Sambrook et af., 1989) and sequenced by the dideoxynucleotide method (Sanger et al., 1977) using the ThermoSequenase Kit (Amersham) and fluorescein end-labelled oligonucleotide primers on the ALF automated sequencer (Pharmacia). Oligonucleotide primers were prepared at the DNA Synthesis Laboratory, Biotechnology Centre of Oslo. DNA sequences were analysed using the GCG and EGCG sequence analysis programs (Devereux et af., 1984) . Sequences were edited using SEQED, ORFs and restriction sites were detected using MAP and translated using TRANSLATE. Translated ORFs were used to search the SWISS-PROT (release 34.0,11/96), TREMBL (release 3.0,05/97) and SubtiList (Data Release R14.2, 11/20/97) protein databases by FASTA (Pearson & Lipman, 1988) , and by BLAST and GAPPED BLAST (Altschul et af., 1990, 1997) to search the nonredundant database set of protein entries at NCBI, Bethesda, MD, IJSA. COMPOSITION was used to determine the G + C content of the DNA sequences, and multiple sequence alignments were constructed by PILEUP (Needleman & Wunsch, 1970; Feng & Doolittle, 1987; Higgins & Sharp, 1989) . PFGE, Southern blotting and DNA hybridization. Intact chromosomal DNA was prepared in agarose blocks and PFGE was run using the Bio-Rad CHEF Gene Mapper (Bio-Rad) or the Beckman GeneLine I apparatus (Beckman Instruments), as described by Carlson et af. (1992) . Southern blotting and DNA hybridization using gene probes was performed as previously described (Carlson et af., 1992) . The oligonucleotide probe for bcrl (5' CTC AAA ATT CAG CGG AAG CAA AGA ANT TAG GTG GGG G 3', where N is A, G, C or T) was prepared at the DNA Synthesis Laboratory, Biotechnology Centre of Oslo. For hybridization, 100 ng of the probe (1 pl) was endlabelled using 2 pI [y-"2P]dATP [SO00 Ci (18.5 x 1013 Bq) mmol-'; Amersham] and 10 U T4 polynucleotide kinase (New England Biolabs) in 1 x T4 polynucleotide kinase reaction buffer and 10 pl reaction volume at 37 "C for 1 h. Membrane filters were pre-hybridized in 6 x SSC, 10 x Denhardt's solution, 0.2% SDS at 50 "C for 30 min, and hybridized for 1.5 h at room temperature following addition of the end-labelled probe. Filters were washed at room temperature for 30 min, followed by 15 min at 50 "C and 15 min at 62 "C, and exposed and scanned using a Storm 860 Phosphorimager (Molecular Dynamics).
RESULTS AND DISCUSSION
We have partially or completely sequenced 43 of the anonymous probes used for the construction of physical maps of B. cereus and B. thuringiensis. The probes covered a total sequence length of 80 kb, and 86 open reading frames (ORFs) were identified (Table 1) .
Seventy-eight ORFs showed similarity ( > 20 YO amino acid identity) to submitted entries in the protein sequence databases, and 54 were assigned a putative function by similarity to proteins of known or predicted function. Three ORFs were assigned functions in DNA repair, after complementing the DNA alkylation repair deficient Escherichia coli strain BK2118 (alkC, alkD and alkE; I. Alseth and others, unpublished results). Ten ORFs matched proteins of unknown function in the databases, eight of which were from B. subtilis. Fourteen ORFs displayed weak sequence similarity, whereas eight ORFs showed no similarity to any database entries. The G + C content was calculated to 35.4 mol70, in agreement with previous predictions from DNA reassociation experiments (Priest, 1993) .
Isolated genes novel to bacilli
Seven of the 54 putative genes of predicted function in B. cereus ATCC 10987 encoded proteins with no sequence homologues in other Bacillus spp. (Table 1 ). These included a type I11 restriction-modification system (t3r; Hegna et al., 1992) resembling systems from the Gramnegative bacteria Salmonella typhimurium and E. coli phage P1, and one of the DNA alkylation repair enzymes (alkD ; I. Alseth and others, unpublished results). Moreover, the protein encoded by cysA resembled sulfate transporters from cyanobacteria (Synechococcus PCC 7942) and eubacteria ( E . coli) (Green et al., 1989) , but showed no similarity to B. subtilis proteins. N o protein participating in sulfate transport has to our knowledge been identified in B. subtilis, although several sulfate metabolism enzymes are found (SubtiList, Data Release R14.2, 1998; www server v2.1.3: http://www. pasteur.fr/Bio/SubtiList.html). The B. cereus glyS gene encoded a homologue of class I1 aminoacyl-tRNA synthetases (Logan e t al., 1995) . B. subtilis and B. cereus GlyS were of separate class I1 subtypes that are not sequence related (SubtiList, Data Release R14.2, 1998) .
Recently, a number of bacteria have been identified that are capable of metabolizing atrazine, a triazine ringcontaining herbicide that has been found to be less Bacillus cereus genome organization "U, unknown function (weak or no similarity to database entries, or similarity to proteins of unknown function).
A. O K S T A D a n d O T H E R S
t ORFs were used to search a non-redundant set of database entries from SWISS-PROT, GenPept (translated GenBank), PDB, SPUpdate and PIR using the BLAST search algorithm at the National Center for Biotechnology Information (NCBI), Bethesda, MD, USA (Fig. la) . The updated map contains a total of 91 markers, of which 80 are genes/ORFs of known or unknown function, one is IS231, and 10 are anonymous. To examine whether the global gene order was conserved between B. cereus and B. subtilis, we compared the chromosomal location of 30 putative orthologues using the B. cereus ATCC 10987 physical map and the B. subtilis 168 genome sequence (Kunst et al., 1997) . The orthologues did not exhibit any apparent conservation of organization (Fig. Ib) , but were, by contrast, arranged in an apparently random manner. This is in agreement with what has been observed when comparing the genomes of the distantly related bacteria
Haemophilus influenzae, Mycoplasma genitalium and Methanococcus jannaschii (Kolstnr, 1997) pycA, ctaA, ctaB, and ctaC; (3) rpsB and tsf. It is, however, interesting to note that although the local gene order was conserved, the chromosomal location of the three loci was very different in the two bacteria (Fig. lb) . Furthermore, the rpsB-tsf gene order encoding ribosomal protein S2 and elongation factor Ts is one of the very few examples of gene pairs for which orthologues are close to being universally clustered in eubacteria, being conserved in 10 out of 14 species where both genes have been sequenced. Additionally, putative homologues of two other B. cereus gene pairs were located in the vicinity of each other in B. subtilis, although lacking a tight physical coupling. (1) The branched chain amino acid synthesis genes ilvD and iluA were in B. subtilis 168 separated by an 8.4 kb region harbouring nine genes. Similarly, (2) the putative polysaccharide deacetylase gene yfiS and the DNA-3-methyladenine glycosidase I1 gene alkE were 2.8 kb apart in B. subtilis, separated by two ORFs with similarity to 3-hydroxyisobutyrate dehydrogenase (yfjR) and a divalent cation transporter (yfiQ) , respectively. 4 * * * **** ********** * * * * * * * * * A novel repeat sequence in the B. cereus genome Sequencing of the celR-bc298a-chrA-celC-celF gene locus showed that an intergenic 155 bp sequence in front of the celC gene was highly similar to a sequence upstream of fa6Z in the spollQ-spollID-mbl-fabZ gene locus (Fig. 2a) . We have named this novel repeated sequence bcrl (Bacillus tereus repeat 1). Repeats of bcr2 were also found upstream of the hbl enterotoxin locus from strain ATCC 14579 (0. A. 0kstad & A.-B. Kolsta, unpublished results), and upstream of bctL (0kstad et al., 1997) and the bct504a gene from the same strain (data not shown). The bcrl sequences exhibited 78-93 '/o pairwise identity, and a multiple alignment of the repeats showed that 63% of the nucleotide positions were conserved in all five loci. The sequences displayed an inverted repeat character, and were in all instances found in non-coding regions.
T o investigate the degree of bcrl repetition, an oligonucleotide probe of 37 bp within bcrl was prepared, and blots of HincII-digested genomic DNA were hybridized with the probe. In strain ATCC 10987, 11 fragments hybridized strongly to the probe, while 11 fragments displayed weaker hybridization intensity (Fig. 2b) . Similar hybridization results were obtained with 16 other B. cereus and B. thuringiensis strains tested, indicating that bcrl may be ubiquitous in B. cereus and B. thuringiensis strains. The locations of the repeat within the genome may vary, as shown by the presence of bcrl in the celC-celF locus in strain ATCC 10987, and its absence in the corresponding locus from strain ATCC 14579 (Fig. 2c) . N o hybridization by the bcrl probe to B. subtilis DNA was observed, and the sequence was not present when searching SubtiList or any other database. The bcrl repeat did not display similarity to any integron family sequences, including the repetitive sequence elements recently reported in Vibrio cholerae (Clark et al., 1997) .
